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The magneti properties of antiferromagneti (AFM) EuTe epitaxial layers and short period
EuTe/PbTe superlatties (SLs), grown by moleular beam epitaxy on (111) BaF2 substrates, were
studied by magnetization and neutron diration measurements. Considerable hanges of the Néel
temperature as a funtion of the EuTe layer thikness as well as of the strain state were found. A
mean eld model, taking into aount the variation of the exhange onstants with the strain-indued
lattie distortions, and the nearest neighbor environment of a Eu atoms, was developed to explain
the observed T
N
hanges in wide range of samples. Pronouned interlayer magneti orrelations have
been revealed by neutron diration in EuTe/PbTe SLs with PbTe spaer thikness up to 60 Å.
The observed diration spetra were analyzed, in a kinematial approximation, assuming partial
interlayer orrelations haraterized by an appropriate orrelation parameter. The formation of
interlayer orrelations between the AFM EuTe layers aross the nonmagneti PbTe spaer was
explained within a framework of a tight-binding model. In this model, the interlayer oupling stems
from the dependene of the total eletroni energy of the EuTe/PbTe SL on the spin ongurations
in adjaent EuTe layers. The inuene of the EuTe and PbTe layer thikness utuations, inherent
in the epitaxial growth proess, on magneti properties and interlayer oupling is disussed.
PACS numbers: 75.70.Ak, 75.25.+z, 68.65.Cd
I. INTRODUCTION
In the last deade magneti multilayer systems and the
giant magnetoresistane resulting from interlayer ou-
plings have been reeiving onsiderable interest in both
applied and fundamental sienti researh. Interlayer
exhange ouplings in multilayers and superlatties (SLs)
have been observed in a large variety of strutures om-
posed of metalli ferromagneti (FM) layers alternating
with nonmagneti metalli
1,2
, as well as nonmetalli
3,4
spaer layers. These observations have stimulated exten-
sive theoretial studies that have resulted in a number of
dierent models for the mehanism of interlayer oupling
suh as the RKKY model, the freeeletron model, and
several others. The most omplete theory unifying all
previous approahes has been devised by Bruno
5
. How-
ever, neither interlayer oupling in systems omposed of
two nonmetalli materials, nor mehanisms that might
give rise to oupling between antiferromagneti (AFM)
layers have been onsidered in these works.
Yet, neutron diration data for three dierent SL
systems omposed of AFM and nonmagneti semion-
duting materials, reported in the mid-nineties
6,7,8,9,10
,
revealed the existene of pronouned interlayer orre-
lations between the AFM bloks. Also reently, ou-
pling between FMsemiondutor layers has been found
in EuS/PbS SLs
11
. In these all-semiondutor systems,
the arrier onentration is far too low to support any sig-
niant RKKY interations; in addition, the AFM layers
do not arry a net magneti moment. Thus, the two main
ingredients whih were believed to play a ruial role in
interlayer oupling  mobile arriers and layer magnetiza-
tion  are absent in these ases. These results have learly
demonstrated that the magneti interlayer oupling is not
restrited to strutures ontaining FM metalli ompo-
nents. The proper understanding of orrelations between
the AFM semiondutor layers may shed new light on the
interlayer oupling mehanisms.
In this paper we present our systemati, experimen-
tal and theoretial, studies of EuTe epitaxial lms and
short period [(EuTe)m|(PbTe)n℄N superlatties. In Se-
tion II we desribe the basi properties of the onstituent
materials, sample preparation and the experimental teh-
niques used. The eets of the nite thikness and the
strain on magneti properties of individual layers are
treated in Setion III. Setion IV is devoted to the inter-
layer oupling determined by neutron diration mea-
surements. In its rst three subsetions, the neutron
data for a series of samples studied in zero, intermedi-
ate and high magneti in-plain eld, as well as the eet
of ooling in external low magneti eld are presented.
In the last subsetion we disuss the results of a the-
oretial model for the interlayer oupling in a perfet
AFM/nonmagneti semiondutor SL and we ompare
the experimental results with the model preditions.
2- Eu
- Te
FIG. 1: Chemial and magneti unit ell of EuTe with its
type II AFM struture onsisting of ferromagnetially ordered
(111) planes and antiferromagneti spin sequenes along the
[111℄ diretions.
II. CONSTITUENT MATERIALS, SAMPLE
PREPARATION AND EXPERIMENTAL
TECHNIQUES
Bulk EuTe is a lassial Heisenberg antiferromagnet
with a Néel temperature T
N
= 9.6 K
12
. It rystallizes in
the NaCl struture with a = 6.598 Å. The Eu2+ ions
with S = 7/2 and L = 0 form an FCC spin lattie
with dominant AFM next-nearest neighbor interations,
and weaker FM interation between the nearest neigh-
bors (J2/kB = −0.23 K, J1/kB = 0.11 K, respetively13).
Suh a Ji ombination leads to the Type II AFM order-
ing below T
N
, in whih the spins are ferromagnetially
ordered in the (111) lattie planes, and the neighboring
planes are oupled antiferromagnetially to one another
14
(see Fig. 1). EuTe is a wide gap (∼ 2.5 eV) semiondutor
with the 4f levels situated about 2 eV below the ondu-
tion band edge
12
. The diamagneti onstituent, PbTe,
is a narrow gap (∼ 0.19 eV) semiondutor, whih also
rystallizes in the NaCl struture and has a bulk lattie
onstant of 6.462 Å. This yields a lose lattie-mathing
to EuTe, with a mismath of only 2.1 % in the lattie
onstants.
The EuTe/PbTe SL samples were grown by mole-
ular beam epitaxy on (111) oriented BaF2 substrates
as desribed in detail in Ref. 15. Dierent
[(EuTe)m|(PbTe)n]N SL staks withm (varying from 2 to
10) monolayers of EuTe alternating with n (from 5 to 30)
monolayers of PbTe, were deposited on 1  3 µm PbTe
buer layers. In the paper the EuTe/PbTe SL with m
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FIG. 2: (a) Evolution of the ( 1
2
1
2
1
2
) magneti Bragg peak from
3 µm EuTe epilayer with the temperature. The asymmetry of
the peak indiates that the relaxation of the strain in the EuTe
lm is not omplete. (b) Integrated intensity of the ( 1
2
1
2
1
2
) and
(
1
2
1
2
3
2
) peaks vs. temperature for the same epilayer. (c) The
magneti moment vs. temperature of 3 µm EuTe epilayer
measured by SQUID in applied magneti eld of 1 Tesla.
monolayers of EuTe and n monolayers of PbTe in the SL
period (bilayer) is often denoted by an abbreviated sym-
bol (m/n). The thikness of one monolayer is 3.81 Å for
EuTe and 3.73 Å for PbTe. To obtain suient neutron
sattering intensity, the number of periods N was several
hundred in all ases. The layer thiknesses determined by
high-resolution x-ray diration agreed with the nominal
thiknesses within ±0.5 monolayer. The eletron onen-
tration in the PbTe layers was ∼ 1017m−3, i.e., many
orders of magnitude lower than in metals, and the EuTe
layers were semi-insulating.
The neutron experiments were performed at the NIST
Center for Neutron Researh. The instruments used
were BT-2 and BT-9 triple-axis spetrometers set to
elasti diration mode, with a pyroliti graphite (PG)
monohromator and analyzer, and a 5 m PG lter in the
inident beam. The wavelength used was λ = 2.35 Å and
the angular ollimation was 40 minutes of ar through-
out. Additionally, a number of diration experiments
were arried out on the NG-1 reetometer operated at
neutron wavelength λ = 4.75 Å. The latter instrument
yielded a high intensity, high resolution spetra with a
negligible instrumental broadening of the SL diration
lines. All the magneti diration spetra reported here
have been measured at 4.3 K.
The dominant feature in diration spetra from Type
II antiferromagnets is a strong reetion at the (
1
2
1
2
1
2 )
3position. Pronouned maxima entered at the (
1
2
1
2
1
2 )
position were observed in all EuTe and EuTe/PbTe SL
samples ooled below the Néel temperature, inluding
those in whih the EuTe layer thikness was as small as
2 monolayers. The magneti origin of the AFM SL peaks
was onrmed in several ways. First, the SL reetions
also appear at other Q-spae points harateristi for the
AFM II struture, their intensities being onsistent with
the Eu
2+
magneti formfator. Seondly, the sattered
intensity shows the typial temperature behavior, losely
following the squared Brillouin funtion for a S = 7/2
system below T
N
. Finally, we have performed a number
of diration measurements in external magneti elds
that onviningly prove the maxima, we have investi-
gated, originate from the ordering of the Eu magneti
moments and not from other eets that may potentially
produe peaks at the same reiproal lattie points (suh
as, e.g., hemial ordering).
The maxima observed by us show that the Type II
AFM ordering was preserved in all EuTe layers and
EuTe/PbTe SLs studied. Shown in Fig. 2(a, b) is the
temperature dependene of the magneti peaks intensity
for 3 µm EuTe epilayer sample. In Fig. 2(c) the temper-
ature dependene of the magneti moment of another 3
µm EuTe epilayer measured by a standard SQUID teh-
nique is presented
16
. The ritial temperatures deter-
mined by neutron diration and magnetization mea-
surements agree within the experimental errors. The ob-
tained value of T
N
= 10.4±0.05 K is slightly higher than
9.6 K found in bulk EuTe, due to the strain introdued to
the epitaxial lm by the BaF2 substrate and PbTe buer
layer. The distorted, non-gaussian prole of the (12
1
2
1
2 )
magneti Bragg peak in Fig. 2a learly points out to the
nonuniform lattie distortions present in the sample, the
loser the portions of the EuTe lm to the substrate the
stronger the deformations of the EuTe lattie. Thus in a
sense, the 3 µm layer onstitutes only a semi-bulk sam-
ple. The inuene of strain on magneti properties of
EuTe layers will be disussed in detail in the following
setion.
III. STRAIN AND FINITE SIZE EFFECTS
A. T -domain struture
In a perfet FCC lattie there are four symmetry-
equivalent Type II AFM arrangements in whih the FM
spin sheets form on the (111), (111), (111), or (111)
plane families (see Fig. 3). These four ongurations are
usually referred to as T -domains. In a marosopi,
strain-free EuTe rystal ooled through the Néel point at
H
ext
= 0 all four T -domain states would be populated,
giving rise to magneti peaks at (12
1
2
1
2 ), (
1
2
1
2
1
2 ), (
1
2
1
2
1
2 )
and (12
1
2
1
2 ) reetion points. However, in the EuTe epi-
layer and SL samples only the (12
1
2
1
2 ) maximum is ob-
served in the neutron diration spetra; no detetable
(111) (111) (111) (111)
(a) (b) (c) (d)
[111] [111] [111] [111]
FIG. 3: The four symmetry equivalent Type II AFM arrange-
ments of the {111} ferromagneti spin sheets in EuTe.
TABLE I: Neighborhood spin onguration in an EuTe layer
for dierent T -domain types in whih the ferromagneti spin
sheets are either parallel ('in-plane') or inlined ('oblique') to
the (111) epitaxial growth plane.
Monolayer Domain type:
number: `in-plane' `oblique'
NNs NNNs NNs NNNs
i− 1 3(↓) 3(↓) 2(↑)+ 1(↓) 3(↓)
i 6(↑) none 2(↑)+ 4(↓) none
i+ 1 3(↓) 3(↓) 2(↑)+ 1(↓) 3(↓)
magneti sattering was ever found at the other three re-
etion sites in any of the investigated speimens. This
means that in the layer systems only a single T -domain
state forms  the one in whih the FM spin sheets are
parallel to the EuTe layers  whereas the other three
`oblique' ongurations never our.
The observed preferene in the T -domain formation
an be explained by simple energy arguments. In the
Type II AFM struture a spin residing in a given FM
sheet has six FM nearest neighbors (NNs) loated in the
same sheet, and three AFM (`frustrated') NNs in eah ad-
jaent sheet. The AFM next-nearest neighbors (NNNs)
are also loated in the adjaent sheets, three in eah.
Suppose that an (111) EuTe layer onsists of m mono-
layers. Consider, e.g., an 'up' (↑) spin loated in the ith
monolayer. Table I shows its neighbor environment (i.e.,
how many of its NNs and NNNs with parallel (↑) and an-
tiparallel (↓) spins are loated in the (i− 1)th, (i)th, and
the (i + 1)th monolayer) for the `in-plane' and `oblique'
domain ongurations. Beause all NNNs in the Type
II AFM struture are antiparallel, the total energy of
the NNN interations is the same in the `in-plane' and
the `oblique' domains. The spins residing in monolayers
with numbers 2 ≤ i ≤ m− 1 have a full set of six parallel
and six antiparallel NNs, so that the total energy of the
NN interations for these spins is zero, regardless of the
domain arrangement. However, the spins in the inter-
fae monolayers (i.e., those with i = 1 and i = m) have
only nine magneti NNs: 6(↑)+3(↓) for the `in-plane' and
4(↑)+5(↓) for the `oblique' domains. Hene, due to the -
nite thikness of the layer, the exhange energy of the NN
spins is not equal to zero any more and dierent for the
4'in-plane' and 'oblique' ongurations, with orrespond-
ing average magneti energy per Eu atom of :
ǫin = 2C
[−3J1
m
+
3(m− 1)
m
J2
]
(1)
and
ǫobl = 2C
[
J1
m
+
3(m− 1)
m
J2
]
, (2)
where C = S(S + 1)/3. Beause J1 > 0, the `in-plane'
spin arrangement is the one that minimizes the total mag-
neti energy.
Another fator that favors the `in-plane' domain on-
guration is strain. Sine a
PbTe
< a
EuTe
, the EuTe lattie
is `ompressed' in the layer plane. Therefore the distane
d
‖
NN
between the NN Eu ions loated in the same (111)
monolayer shortens, while, due to the lattie reation to
the strain the distane dobl
NN
between the NNs residing
in the adjaent (111) monolayers inreases. The d
‖
NN
and dobl
NN
values may dier from the bulk NN distane
dbulk
NN
by as muh as ±2%. As shown by Gonharenko
and Mirabeau
17
from neutron measurements under high
hydrostati pressure, the J1 exhange onstants in Eu
halogenides generally inreases with the derease of the
ion-ion separation. Hene, one an expet the J
‖
1 for the
`in-plane' NNs to be higher, and the J⊥1 for the `out-
of-plane' NNs lower than Jbulk1 . However, for EuTe the
rate of J1 hange with dNN in the antiferromagneti state
ould not be measured in Ref. 17 beause the ontribu-
tion of J1 to the Néel temperature anels in the ubi
AFM state, i.e., J1 is not aessible by experiment under
hydrostati pressure. With respet to the NN exhange,
J2 appears to be only weakly dependent on the ion-ion
separation, as shown in Ref. 17.
Taking into aount both the nite thikness and strain
fators, we obtain the average magneti energy per Eu
spin in EuTe layer onsisting of m monolayers for the
two dierent domain arrangements in the form:
ǫin = 2C
[
−3∆J1 − 3J
⊥
1
m
+
3(m− 1)
m
J2
]
(3)
and
ǫobl = 2C
[
∆J1 +
J⊥1
m
+
3(m− 1)
m
J2
]
(4)
where ∆J1 = J
‖
1 − J⊥1 .
The rst right-side term, whih does not depend on the
layer thikness, reets the eet of strain in the observed
domain type preferene. The seond term represents the
nite thikness eet as already given in Eq. (1) and (2).
In the thik layer limit (m→∞) the energy beomes
ǫin = 2C[−3∆J1 + 3J2]
ǫobl = 2C[∆J1 + 3J2]
whih for unstrained samples (∆J1 = 0) leads to the bulk
value ǫbulk = 6CJ2 for both arrangements. For small m
values, however, the dierene beomes signiant (e.g.,
for m = 5 and m = 3 the energy per spin for the in-
plane domain arrangement is lower, respetively, by 8%
and 35% than for the oblique ones).
For the in-plane ompressed EuTe layers we introdue
a parameter whih desribes the ratio of the elongation
of the `out-of-plane' NNs bonds to the shortening of the
distane between the `in-plane' NNs: k = ∆dobl
NN
/∆d
‖
NN
.
This parameter an be expressed in terms of the in-plane
e‖ and out-of-plane e⊥ strain, i.e.,
k =
1
e‖
[
1√
3
√
(1 + e‖)2 + 2(1 + e⊥)2 − 1
]
(5)
For small strain values e, k is essentially onstant and
diretly proportional to the e⊥/e‖ ratio. With the value
of the Poisson ratio for biaxially strained (111) EuTe lay-
ers ν111 = 0.301 and the relation e⊥/e‖ = 2ν/(ν− 1), we
obtain k ≈ −0.24 for a ompressive in-plane strain values
of e‖ ≤ 2%.
Using the k parameter and denoting by ξ the value of
(∂J1/∂dNN), we an rewrite the magneti energy given
by Eq. (3), in the form:
ǫin = −6C
[
J1
m
− (m− 1)
m
J2 +
(m(k + 1)− 1)
m
ξd
NN
]
(6)
In the EuTe/PbTe strutures the ompressive strain
and nite thikness both appear to favor the `in-plane' T -
domain arrangement. It is interesting to note, however,
that if the spaer material had a larger lattie onstant
than EuTe and produed a tensile strain in the EuTe
layers, the strain would favor the `oblique' arrangement
and the two eets would ompete with eah other. The
domain arrangement in suh superlatties ould be then
tailored by manipulating the EuTe layer thikness.
B. Changes of the Néel temperature
The eet of the strain and the nite thikness in the
EuTe/PbTe system is not only demonstrated by the pre-
ferred in-plane spin alignment in the EuTe layers but
also substantial shifts in the Néel temperature. This is
learly indiated by the measurements of the intensity
of the (12
1
2
1
2 ) magneti diration signal as a funtion of
temperature as shown in Fig. 4 for several dierent SL
samples with dierent EuTe layer thiknesses m. The
shapes of these urves were found to be in good agree-
ment with the squared mean-eld Brillouin magnetiza-
tion funtion for S = 7/2 indiated by the solid lines in
Fig. 4. The transition temperature T
N
was determined
by tting the funtion to the measured data, with T
N
as
an adjustable parameter. For most samples the experi-
mental T
N
values diers signiantly from the bulk value
of T
N
= 9.6 K (see Fig. 4).
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FIG. 5: Magneti suseptibility of several EuTe/PbTe super-
latties measured with 10 Hz AC SQUID magnetometry.
The SL samples were also investigated by magnetomet-
ri methods
9
. Examples of the magneti suseptibility
vs. temperature dependene, whih was measured using
a 10 Hz AC SQUID magnetometer, are shown in Fig. 5
for samples with onstant EuTe layer thikness of m = 5
(top panel) and m = 10 (lower panel) but varying PbTe
spaer thikness n. The observed χ(T ) harateristis
for the SL speimens showed distint maxima indiative
for the AFM phase transition. The Néel temperatures
obtained by this method were in good agreement (within
±0.4K) with the T
N
values yielded by neutron diration
experiments.
The analysis of both, the neutron diration
and magnetization data for a large number of
[(EuTe)m|(PbTe)n℄N speimens with dierent m and n
values reveals ertain distint trends in the T
N
behavior.
The experiments were arried out on series of SL samples
for whih:
(i) either the strain in the EuTe layers was approxi-
mately onstant (by keeping the ratio of m to n
xed), see Figs. 4 and 6(a), or
(ii) the EuTe layer thikness (m) was onstant, and the
PbTe spaer thikness (n) varied, see Figs. 5 and
6(b).
In the `onstant-strain' samples with very thin EuTe lay-
ers (m = 2) the T
N
was found to be onsiderably lower
than the bulk value 9.6 K, but it inreased with inreas-
ing m. For m ≈ 5 it exeeded the T bulk
N
, showing a ten-
deny to level out at a signiantly higher value of 12.6
K (Fig. 6(a)). For the strutures with xed EuTe layer
thikness the T
N
showed a lear growing tendeny when
the PbTe spaer thikness was inreased. The larger
value of n for onstant m inreases the strain in the mag-
neti layers. The in-plane strain e‖ (or the in-plane lattie
onstant a‖) within the EuTe layers was determined by
x-ray diration. Plotted against a‖, the TN data from
the sample series with onstant m show approximately
linear behavior (Fig. 6(b)).
The trends observed in the T
N
behavior an be ex-
plained on the grounds of the same simple model that has
been used for explaining the preferene in the T -domain
formation. Adopting the mean-eld theory approah, one
an assume that the phase transition temperature is pro-
portional to the eetive eld experiened by an `average'
spin at T = 0  in other words, to the average energy per
spin ǫ in the ground state, given by Eq. (3). Taking
into onsideration that T
N
/T bulk
N
= ǫ/ǫbulk, one obtains
the expression for the Néel temperature of thik strained
layers:
T
N
= T bulk
N
[
1 +
∆J1
|J2|
]
(7)
For small lattie distortions we assume that ∆J1 is pro-
portional to the distortion parameter and hene, T
N
should exhibit a linear dependene on the in-plane lat-
tie onstant. From the linear t to the m = 10 data
points in Fig. 6(b) we obtain the rate of hange of T
N
with a‖: ∂TN/∂a‖ = −33.8 K/Å±5% and, orrespond-
ingly, ξ = 0.41 K/(Åk
B
). For thinner layers, when the
−6J⊥1 /m term may not be negleted, this linear hara-
teristi should shift to the left. This is indeed onsistent
with the T
N
vs. a‖ behavior observed for the m = 10 and
m = 5 sample series.
To obtain an expression for T
N
as a funtion of the
distortion parameter ∆d
‖
NN and the layer thikness m,
we use as before the T
N
/T bulk
N
= ǫ/ǫbulk relation with ǫ
given by Eq. (6):
T
N
T bulk
N
= 1− 1
m
(
1− J1|J2|
)
+
ξ∆d
‖
NN
((k + 1)m− 1)
m|J2| . (8)
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From Eq. (8) it follows that:
(i) For samples with the same m, T
N
exhibits a linear
dependene on ∆d
‖
NN
.
(ii) The slope of the T
N
vs. ∆d
‖
NN
line is equal to
ξ∆d
‖
NN
(2m − 1)/m|J2|; it is weakly dependent on
m, exept for very thin layers, where the hange in
the (2m− 1)/m fator beomes signiant;
(iii) With dereasing m, T
N
shifts to lower values. The
`zero-strain' T
N
value is given by Eq. (8) by extrap-
olation to ∆d
‖
NN
= 0).
The qualitative preditions of the above simple model
appear to be onsistent with the T
N
vs. ∆d
‖
NN
mea-
sured data for the m = 10 and m = 5 SLs series. The
rate of J1 hange yielded by the data appears to be ap-
proximately 24% per 1% in the ion-ion distane hange.
This result supports the onlusions by Gonharenko and
Mirabeau
17
onerning the J1 dependene on distane.
The alulated `zero-strain' T
N
for m = 10 and m = 5
is 9.1 K and 8.6 K, respetively, whereas the orrespond-
ing values extrapolated from the measured harateristis
are 8.5 K and 7.0 K. From Eq. (8) one obtains that the
lowest possible Néel temperature is 7.2 K (for unstrained
layers with m = 2). Atually, experiments on samples
with m = 2 yielded T
N
values lose to 5 K.
This simple mean-eld model orretly explains the
qualitative behavior of T
N
in layers with various thik-
nesses and strain values. However, quantitatively the
model appears to be less suessful, espeially for very
thin layers, showing 10% to 20% disrepany between
the model and experimental T
N
values. One possible
reason of this disrepany may be strutural imperfe-
tions that ertainly exist in real superlatties. For in-
stane, as indiated by the results of magnetization stud-
ies of EuTe/PbTe(100) SLs
18
and of a similar SL system
EuS/PbS
19
, even slight interdiusion eets in the mag-
neti/nonmagneti interfae regions may lead to observ-
able derease of the phase transition temperature due to
the redution of the number of NN and NNN exhange
bonds between the Eu spins.
C. S-domain struture and net magneti moment
In the model outlined above it was assumed that the
Eu spins in eah individual EuTe layer form a perfetly
homogeneous Type II AFM order. The fat is, however,
that in the (111) layer plane there are three 〈112〉 easy
axes, 120
◦
apart. This makes possible six mirosopially
inequivalent domain arrangements (usually referred as
the S-domains22). It beomes a natural question whether
eah individual EuTe layer in the SL struture onstitutes
a single S-domain, or does it onsist of many smaller
ones, in whih the spins are oriented along dierent easy
axes. Another important question onerns the mag-
neti moment of the SL. The layers an be thought of
as truly AFM only if m is an even number. For an odd
m, however, the layer as a whole, or the onstituent S-
domains should posses an unompensated moment  in
other words, the layers beome ferrimagneti. Note, that
the opposite spin ongurations in suessive EuTe layers
ould also lead to zero net magneti moment of the entire
SL, but this would require strong, perfet interlayer spin
orrelations.
Information about the S-domain struture and the net
layer moment is important for understanding the inter-
layer oupling eets seen in the EuTe/PbTe SLs. There
is no diret method of visualizing domains buried in a
SL struture or measuring their unompensated moment.
Yet, muh insight into both these issues may be ob-
tained from magnetization measurements and from neu-
tron diration studies of spin rotation proesses in a
magneti eld applied parallel to the EuTe layers.
In standard measurements using an unpolarized neu-
tron beam the magneti diration intensity is propor-
tional to cos2 α, where α is the angle between the spins
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FIG. 7: Diretions of Eu spins Sj in zero external eld (a),
and in the applied eld < 1 T (b).
and the reeting plane. Sine in the EuTe/PbTe sys-
tems the spins lie in the (111) plane, for the (
1
2
1
2
1
2 ) re-
etion α = 0. Any spin rotation in the (111) plane
does not hange this value, and thus the reetion in-
tensity does not hange. The information about spin
orientation an be obtained from this reetion only by
using polarized inident neutrons and polarization anal-
ysis of the dirated beam. However, as the intensity in
polarized neutron experiments is typially about an or-
der of magnitude or more lower than in measurements
with unpolarized beam, suh studies appear to be too
time-onsuming in the ase of the EuTe/PbTe multilay-
ers. Fortunately, the same information an be obtained
by studying the (
1
2
1
2
3
2 ) magneti reetion, taking ad-
vantage of the fat that the reeting plane assoiated
with it, (113), is nearly perpendiular to the (111) plane
(arccos 1/
√
33 = 80◦), see Fig. 7. In suh experiments
the external eld
~H
ext
is applied parallel to the [110℄
axis (i.e., the axis of intersetion of the (111) and (113)
planes), and the (
1
2
1
2
3
2 ) reetion intensity is measured
vs. the eld strength, as shown in Fig. 8.
First, let us disuss the antiipated outome of suh an
experiment based on the idealized piture of a EuTe layer.
Suppose that all possible S-domain states are equally
populated. Hene, when H
ext
= 0, one-third of all spins
are parallel to the [112] easy axis and make an angle
α = 80◦ with the (113) plane. Two-third of the spins lie
along the [211] and the [121] easy axes (Fig. 7(a)), and for
them α = 29.5◦. Thus, the observed reetion intensity
is proportional to I ∝ 13 cos2 80◦ + 23 cos2 29.5◦ = 0.515.
When the eld is turned on, the system reation should
depend very muh on whether the number of spin mono-
layers is even or odd. Consider rst an even m, so that
there is no unompensated moment. In suh a situation,
the eld tends to turn the spins toward an orientation
perpendiular to
~H
ext
. It does not aet the orientation
of
1
3 of the spins along the [112] axis whih are already
perpendiular to
~H
ext
. To turn the remaining
2
3 of the
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eld for a bulk EuTe spe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spins, the eld has to overome the anisotropy; the eld
strength needed for that is H
ext
∼ √H
a
HJ , where Ha
is the anisotropy eld, and HJ is the exhange eld ex-
pressed in magneti units. Sine H
a
in EuTe has been
found to be about 12 G at 4.2 K, and HJ is about 3.5 T,
the op to the perpendiular position should our be-
fore H
ext
reahes 650 G. After that, all spins make an 80
◦
angle with the reeting plane (see Fig. 7(b)), and the re-
etion intensity is I ∝ cos2 80◦ = 0.03; in other words,
it should drop to 5.9% of its zero-eld value. With fur-
ther H
ext
inrease the intensity should not hange muh
until reahing the Tesla region, where the Eu moments
start inlining signiantly toward the eld, leading to
further suppression of AFM reetion. However, when
the eld is gradually dereased, the original zero-eld
intensity should not be restored, beause all the spins
should remain `loked' in the perpendiular position by
the anisotropy eld.
This idealized model senario hanges quite dramati-
ally for an odd m. Now, the eld tends to align the un-
ompensated moment parallel to
~H
ext
. The eld strength
needed to overome the anisotropy is ∼ mH
a
, i.e., ≤ 100
G for the m ≤ 10 systems studied by us. In suh H
ext
, all
the spins get aligned parallel to the (113) plane, so now
α = 0 and I ∝ cos 0 = 1; in other words, in H
ext
≈ 100
G, there should be an inrease of the (
1
2
1
2
3
2 ) reetion in-
tensity by a fator of almost two. After that initial jump,
the intensity should not hange until the eld reahes a
value where inlining of the Eu moments from the mag-
neti eld lowers the system energy. After the eld re-
turns to zero, the spins should hose easy axes nearest
to the eld diretion, so that the S-domains orrespond-
ing to the [112] diretion should not be repopulated. All
spins now make a 29.5
◦
angle with the reeting plane,
so that I ∝ cos 29.5◦ = 0.8 should be about 60% higher
than originally.
As illustrated in Fig. 8, the signiant inrease of the
8reetion intensity, expeted to our in samples with
odd m, was never observed in any real EuTe/PbTe SL.
A slight inrease (∼ 10%) was observed in some spei-
mens  however, for samples with even m. Moreover, the
observed I(H
ext
) harateristis are almost ompletely
reversible  there is no indiation for any hysteresis. Af-
ter the eld was inreased and then returend bak to
zero, in all samples the original reetion intensity was
restored within experimental error.
All studied samples behaved essentially as in the `even-
m senario' (apart from reversibility), thus showing no
unompensated magneti moment. However, the eld
needed to rotate all spins to the diretion perpendiular
to H
ext
was always signiantly higher than the expeted
value of H
ext
=
√
H
a
HJ ≈ 650 G, orresponding to the
bulk value of H
a
= 12 G. Moreover, the shape of the
urves in Fig. 8 is not onsistent with a single H
a
value,
but rather suggest that in eah sample there is a sta-
tistial distribution of the anisotropy elds. In fat, a
satisfatory desription of the observed urves was ob-
tained by assuming a Gaussian distribution of the H
a
values. The mean H
a
values obtained from the ts for
dierent samples varied from 50 to 200 G, but no system-
ati trend has been found. To omment on the fat that
no traes of any hysteresis were observed in the studied
samples, we reall that the expeted `even-m senario'
irreversibility was dedued for idealized, perfet layers
with the three-fold symmetry of anisotropy elds as in
the bulk material. In real SLs, not only are the values of
H
a
dierent, as obtained from the ts in Fig. 8, but also
distribution of their diretions may deviate substantially
from the <211> axes due to the inuene of various types
of defets and inhomogeneities.
The absene of the ferrimagneti properties in the
SL samples with nominally odd number m of magneti
monolayers, seen in the (
1
2
1
2
3
2 ) reetion intensity vs.
eld strength measurements, was further orroborated
by the magnetization studies. In Fig. 9 the magneti mo-
ments for various samples, per SL period, per mm
2
, are
plotted vs. the magneti eld up to 1 kG, whih should
align all the unompensated spins parallel to the eld. As
shown in Fig. 9, for all SL samples, with both nominally
even and odd m, the magneti moment is several times
smaller than the value 340 nanoemu one should observe
from the 1 mm
2
of an unompensated EuTe monolayer.
The observed eld dependene of the intensity of the
(
1
2
1
2
3
2 ) peak, the absene of hysteresis and the low val-
ues of the net magneti moments at intermediate mag-
neti elds all indiate that the vanishing of the magneti
moments in the SLs with nominally odd numbers of Eu
monolayers an neither result from a random orientations
of ferrimagneti domains, nor from an antiparallel orien-
tation of suh domains in onseutive EuTe layers due
to interlayer oupling. It must result from almost om-
plete ompensation of the magneti moment within eah
domain. Suh an unexpeted ompensation may be at-
tributed to, e.g., a spei terrae struture of EuTe lay-
ers with one monolayer steps as shown in Fig. 10. The
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FIG. 9: Magneti moment per SL period, per mm
2
for sev-
eral EuTe/PbTe SLs with nominally odd and even number
of magneti monolayers in EuTe layer vs. applied magneti
eld.
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FIG. 10: Diagram of (5/4) EuTe/PbTe SL with onformally
repeated terrae struture, that leads to a large redution
of the total magneti moment of the individual odd-m EuTe
layer as ompared with an idential layer without suh a step.
For larity, only the ations, Eu (solid irles) and Pb (open
irles), are presented and the anion Te atoms are omitted.
existene of one monolayer thik steps on the surfae
of MBE deposited EuTe layers has been onrmed by
sanning tunneling mirosopy studies
20
. The X-ray and
neutron diration spetra, reported in the next setion,
prove the very high strutural quality of our SLs, with-
out traes of any signiant interfae roughness. They do
not exlude, however, suh terrae strutures, the more
so when the steps are onformally repeated over several
SL periods.
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FIG. 11: Possible spin ongurations in EuTe/PbTe SLs. (a)
Unorrelated SL; diretions of the monolayer magnetizations
in onseutive EuTe layers hange randomly giving rise to a
single broad maximum in a neutron diration pattern. (b)
Correlated SL; diretions of the monolayer magnetizations in
onseutive EuTe layers hange in a regular way; in the ase
presented in the Figure, the orientations of the spins in all lay-
ers are the same. Corresponding diration pattern exhibits
a number of narrow fringes.
IV. INTERLAYER COUPLING
A. Neutron diration in zero magneti eld
Magneti neutron diration is the only experimental
tool apable of revealing the interlayer spin orrelations
in the ase of AFM/nonmagneti multilayers. The prin-
iple of the method is illustrated in Fig. 11. Neutron
diration san along the [111℄ diretion through the
(
1
2
1
2
1
2 ) reetion point from [(EuTe)10|(PbTe)30℄300 spei-
men with rather large thikness of the nonmagneti PbTe
spaers (d
PbTe
= 112Å) is displayed in Fig. 12(a). The
large number of SL satellite peaks in the X-ray diration
spetrum and the exellent agreement with dynamial
simulations (Fig. 12(b)) prove that the strutural quality
of the speimen is very high. In ontrast to the multi-
peaked X-ray pattern, the magneti neutron diration
spetrum of this SL has only the form of a single broad
peak aompanied by two weak subsidiary side maxima.
This prole shows a lose similarity to the squared stru-
ture fator of a single (EuTe)m layer, |FBL|2, known from
the standard diration theory
21
(also see the Appendix).
Suh a spetrum shape produed by a multilayer stru-
ture indiates the lak of oherene between the waves
sattered by suessive layers, meaning that the spin
alignments in these layers are not orrelated. However,
when the PbTe spaer thikness dereases, the harater
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FIG. 12: (a) Neutron diration sans along the [111℄ dire-
tion through the prinipal (
1
2
1
2
1
2
) AFM reetion in a 10/30
and 4/12 SL sample, showing pronouned satellite peaks for
the latter one. The dotted line represents the expeted shape
of the spetrum for the fully orrelated SL, with the instru-
mental resolution taken into aount. The dashed line shows
the single layer magneti struture fator. (b) High-resolution
X-ray diration san through the (222) reetion in the
10/30 SL speimen (points: measured data, line: dynamial
simulation).
of the AFM reetions dramatially hanges. As exem-
plied in Fig. 12 for the 4/12 SL, a distint pattern of
narrower satellite peaks then emerges at regular intervals
∆Qz equal to the spaing between the satellite peaks in
the X-ray spetra. This learly indiates the formation of
magneti interlayer orrelations aross the PbTe spaers.
For d
PbTe
below ∼ 60 Å these magneti satellites beome
the dominant part of the spetrum, as is also shown in
Fig. 13 for a series of [(EuTe)5|(PbTe)n℄300 SL samples
with varying PbTe spaer thikness.
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FIG. 13: High resolution magneti diration patterns from
several SL samples measured with NG-1 reetometer. The
solid urves are ts of Eq. (9) to the data points. The tted
values of the partial orrelation oeient p for eah spetrum
(as dened in subsetion D) is shown in the gure. The small
additional peaks visible in between the magneti SL satellites
must not be attributed to the orrelations of opposite sign -
they an as well result from dierent periodiity in a small
portion of the SL (ompare Appendix).
B. Neutron diration in high magneti eld
The evolution of the (
1
2
1
2
1
2 ) reetion for two,
[(EuTe)4|(PbTe)12℄400 and [(EuTe)5|(PbTe)15℄400, SLs in
~H
ext
parallel to the [110℄ axis is presented in Fig. 14.
With inreasing H
ext
, antiferromagnetially oupled
spins rst rotate towards diretions perpendiular to the
eld and then gradually inline towards the eld (see
shemes in Fig. 14). Aordingly, the AFM (
1
2
1
2
1
2 ) dira-
tion struture gradually fades away, while a new set
of peaks emerges in the (111) FM diration region at
Qx = 1. The almost total disappearane of the AFM
omponent at 6 T is onsistent with the behavior of bulk
EuTe in external magneti elds
22
. With respet to the
magneti interlayer oupling, it is ruial to note, that
the FM SL peaks at Qz = 1 are quite narrow (only
slightly broadened beyond the instrumental linewidth)
as ompared to the signiantly broader satellite peaks
in the AFM region at Qz = 1/2 and Bext = 0. In ad-
dition, there is no broad bakground in the FM region.
The sharp satellite peaks in the FM state are due to the
perfet long range spin oherene due to spin alignment
by the high external magneti eld, whih gives addi-
tional lear evidene for the exellent strutural quality
of the samples. As a onsequene, the broadening of the
satellite peaks in the AFM region annot be attributed
to strutural imperfetions, but must be due to a limited
long range spin ohereny between the magneti layers in
the AFM state that may be indued only by spontaneous
magneti interlayer interations.
C. Field ooled samples
All the above experiments have been arried out on
samples whih were ooled to temperatures below T
N
in
zero external magneti eld. In this ase, the magneti
eld applied to a sample that is already in a orrelated
state does not destroy the existing interlayer orrelation
unless the eld beomes strong enough to inuene the
AFM order within the individual layers. This takes plae
only for external elds muh stronger than 1 T. In on-
trast, ooling the samples from above to below T
N
in
relatively weak magneti elds (of the order of 100 - 200
G) almost entirely prevents the formation of any inter-
layer orrelations. This is demonstrated in Fig. 15, where
the magneti diration patterns obtained for zero-eld-
ooled (ZFC) and the eld-ooled (FC) superlatties are
depited. The magneti eld was applied parallel to the
SL growth plane and oriented along the [110] rystallo-
graphi axis. In the eld-ooled ases (open symbols),
the spetra only have the form of the struture fator of
a single layer |F
BL
|2, harateristi for unorrelated SLs
(see Fig. 11(a)), whereas the spetra obtained after zero-
eld ooling show the usual satellite peaks attributed to
interlayer oupling (as shown in Fig. 11(b)). This hange
of the diration spetra just by the appliation of an ex-
ternal eld during ooling again demonstrates the purely
magneti origin of the multi-peak struture. Detailed ex-
periments, in whih the (
1
2
1
2
1
2 ) peak prole was studied
after ooling the sample in dierent external elds show
that the loss of orrelations exhibits a gradual depen-
dene on the eld strength. The multi-peak spetrum
starts to evolve towards a broad maximum already for
ooling at elds as low as 10 G, but the nal unorre-
lated state is being reahed only when ooling at higher
elds, usually a few hundred gauss. However, the eet
is fully reversible  subsequent warming up and ooling
down the samples again in zero eld restores the origi-
nal orrelated state. All the samples under investigation
have shown this type of behavior.
The possible explanation of the dierent behavior of
the FC and ZFC samples will be given in the next sub-
setion. Here, however, it should be emphasized that
suh a behavior exludes the possibility that the satellite
struture of the (
1
2
1
2
1
2 ) peak results from the pinholes
in the PbTe spaer and the formation of EuTe bridges
aross the spaer region, beause in suh ase the result-
ing interlayer oupling would not depend so sensitively
on the applied external elds.
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FIG. 14: Extended neutron diration sans for (4/12) (a) and (5/13) (b) SL samples, showing the suppression of the AFM
sattering at the ( 1
2
1
2
1
2
) reetion point (Qz = 0.5) with inreasing external magneti elds, and the emerging of new satellite
lines near the (111) reiproal lattie point (Qz = 1.0) due to the indued FM spin alignment (hemial struture ontributions
are subtrated  the data represent purely magneti sattering). The shaded bars (removed data points) indiate the regions
where a very strong reetion from the BaF2 substrate ours. The solid urves are the best ts of Eq. (9) to the data. The
orresponding alignments of magnetization in suessive spin monolayers are shown by the arrows.
D. Comparison of the experimentally determined
interlayer orrelations with theoretial preditions.
Three mehanisms of the interlayer orrelations, whih
an be relevant to AFM/nonmagneti semiondutor
layer strutures, have been proposed in literature. First,
the transfer of the magneti order to the next magneti
layer via the spin-polarized arriers bound to the impuri-
ties loated in the spaer, was onsidered in Refs. 23,24.
This does not seem to apply to EuTe/PbTe SLs, sine
in PbTe the large dieletri onstant and small arrier
eetive masses prevent the formation of shallow im-
purity enters
25
. Another mehanism onsidered is the
long-range dipolar interation, whih was investigated in
Ref. 26 for FM metalli layer systems with domain stru-
ture. It does not exist for perfet AFM layers, but one
an argue that in real SLs the dipolar oupling between
loal magneti moments related to interfae terraes and
steps as invoked in Setion III C, an be eetive. We ex-
pet, however, this mehanism to be muh weaker here
than in the FM ase, sine the dipole-dipole interation is
proportional to the square of the average dipole moment.
In addition, we expet that suh mehanism should be
muh more eetive for SLs with odd number of mag-
neti monolayers than for those with m even, where the
terraes do not lead to loal dipole moments. No suh
preferene was observed in the experimental data.
Finally, in Ref. 27 a mehanism was presented, whih
attributes the interlayer oupling to the sensitivity of the
SL eletroni energies to the magneti order in onse-
utive magneti layers. The total energy of the valene
eletrons for two dierent magneti SLs, one with the
same and the other with opposite spin ongurations in
neighboring magneti layers, was ompared. The dier-
ene between these two energies was onsidered as a mea-
sure of the strength of the interlayer magneti oupling
resulting from band struture eets. In Ref. 27 it was
shown that in both studied types of IV-VI semiondutor
12
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FIG. 15: Neutron diration sans performed at (
1
2
1
2
1
2
) re-
iproal lattie position for the zero-eld-ooled (ZFC) and
eld-ooled (FC) (5/10), (5/12), and (4/12) SLs. The FC
data has been resaled to show the eet of enveloping the
ZFC data. These diration data were olleted on the NG-1
reetometer. The absene of the interlayer orrelations in
the samples after eld ooling is evident (some traes are still
visible in the 4/12 sample). For omparison the alulated
single layer struture fator is plotted with a ontinuous line.
strutures, i.e., in FM EuS/PbS and AFM EuTe/PbTe,
this mehanism an be eetive. As shown in Fig. 16, the
alulated strength of the oupling dereases monotoni-
ally with the inreasing thikness n of the spaer and is
pratially independent of the thikness m of magneti
layers. In addition, it was found that for all FM and AFM
SLs, regardless of their m and n values, the lower en-
ergy orresponds to the antiparallel alignment of the two
spins faing eah other aross the spaer layer. In other
words, the mehanism leads to an antiferromagneti ou-
pling between the FM layers. In the AFM EuTe/PbTe
strutures, however, the energetially preferred spin on-
guration along the SL growth axis depends on the parity
of the number of monolayers within the magneti layer,
i.e., the atual magneti period is equal to the hemial
period for even m but twie as large for odd m.
These theoretial results have proven to explain the ex-
perimental observations in the FM (001) EuS/PbS SLs
11
.
For FM strutures the magnetization and neutron ree-
tivity measurements in external magneti elds, enable
one to determine diretly the strength of the oupling
and ompare it with the model. The sign of the in-
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FIG. 16: The interlayer exhange onstant J , dened by the
dierene of the total eletroni energy for the same and op-
posite spin ongurations in suessive magneti layers of the
SL, as a funtion of the spaer thikness for FM EuS/PbS
and AFM EuTe/PbTe SLs. Open irles represent the ex-
perimentally obtained J for FM EuS/PbS. For the AFM SLs
the diret experimental determination of the strength of the
oupling is not possible.
terlayer exhange oupling and the rate of its derease
with the PbS nonmagneti spaer thikness are in very
good agreement with the preditions of the model, as
shown in Fig. 16. The fat that the experimental values
of the exhange onstants estimated from the saturation
elds in real FM strutures are about an order of mag-
nitude smaller than the theoretial ones was attributed
in Ref. 11 to the interfaial roughness and interdiusion,
whih were shown to redue signiantly the strength of
the interlayer oupling, also in metalli strutures.
For the AFM EuTe/PbTe strutures the omparison
of the theoretial preditions with the experimental data
is muh more ompliated than for the FM strutures
 in this ase not only the perfet tool to measure the
strength of the interlayer oupling, i.e., the saturation
magnetization, is not appliable, but, as shown below,
the orrelated spin ongurations are muh more sensi-
tive to the morphology of the SL.
In our superlatties evidene for the interlayer oupling
between the AFM EuTe layers omes from the satellite
struture of the neutron diration spetra. The sign of
the oupling an be determined only by a detailed anal-
ysis of the positions of the satellite peaks. Moreover,
to desribe the observed shapes of the AFM diration
spetra, we have to invoke the idea of partial orrela-
tions, desribed by an interlayer orrelation parameter
p (|p| < 1), as presented in detail in the Appendix. An
idealized fully orrelated EuTe/PbTe SL would ontain
a single S-domain, with the monolayer magnetization se-
quene in any ith layer either repeated in the (i + 1)th
layer (perfet orrelations with p = +1)
↑↓↑↓↑ · · · · · · ↑↓↑↓↑ · · · · · · ↑↓↑↓↑ · · · · · · ↑↓↑↓↑,
or reversed in the (i+1)th layer (perfet orrelations with
13
p = −1)
↑↓↑↓↑ · · · · · · ↓↑↓↑↓ · · · · · · ↑↓↑↓↑ · · · · · · ↓↑↓↑↓ .
In both ases, the AFM neutron diration pattern
should exhibit a series of very narrow peaks, with the
width dened by the instrumental resolution only, as seen
for the satellite peaks in the FM region at H
ext
= 6 T
in Fig. 14 and Fig. 11(b). However, in real samples, this
perfet long range SL order may be disrupted by phase
lapses (i.e., swithes to the other S-domains types) o-
urring at random intervals. Suh partially orrelated
hains an then be haraterized by frational p values,
now expressing the probability P = (1 + p)/2 that any
two adjaent EuTe layers have idential spin sequenes.
Applying diration theory to suh a system, one obtains
the following expression for the magneti diration in-
tensity (see the Appendix for the formula derivation):
I(Qz) ∝ |FBL(Qz)|2 1− p
2
1− 2p cos(QzD) + p2 (9)
where D = mδ
EuTe
+ nδ
PbTe
is the SL period; δ
EuTe
and δ
PbTe
being the monolayer thiknesses of EuTe and
PbTe, respetively. This expression is similar to that
used for analyzing x-ray diration patterns from par-
tially ordered layered strutures
28
. The value of p deter-
mines both the widths of the AFM satellite peaks as well
as the height of the underlying hump" (see Fig. 17).
By adjusting the p parameter for eah sample the ob-
served spetral shapes are reprodued remarkably well
(solid lines in Fig. 13). The least-square tted |p| val-
ues are onsiderably lower than unity, even for relatively
thin PbTe spaers. This indiates the presene of meh-
anisms inhibiting the orrelation formation in the AFM
EuTe/PbTe SLs. Although one an speulate that sev-
eral eets, suh as thikness utuations or interfae
roughness, may partiipate in the suppression, neutron
diration measurements in moderate external in-plane
elds H
ext
< 1 T imply that magneti anisotropy elds
H
a
in random diretions parallel to the layers play a ma-
jor role in this eet. Two S-domains in EuTe layers
faing eah other aross the nonmagneti spaer may be-
ome orrelated only if the interlayer oupling energy is
suiently high to overome the anisotropy in at least
one of them.
This observation together with the model desribed
above oers a simple qualitative explanation of the be-
havior of the eld ooled samples shown in Fig. 15. It is
based on the fat that the interlayer oupling beomes ef-
fetive only below the Néel temperature, when the AFM
order in EuTe layers is already well established and the
anisotropy elds are still weak. The interlayer oupling
energy resulting from band struture eets is propor-
tional to the osine of the angle θ between the spins at
the opposite borders of the nonmagneti spaer. Thus,
the torque responsible for the relative rotations of the
spins in neighboring EuTe layers should be proportional
to sin θ. During ooling of the sample in an external mag-
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FIG. 17: Inuene of the magnitude and the sign of the
orrelation parameter p on the magneti diration intensity
from 5/15 SL, as alulated from Eq. (9). The hange of the
sign of p leads to the shift of the SL satellite peaks by half
of the spetrum periodiity. With the dereasing value of |p|
the width of the peaks inreases and so does the height of the
underlying hump. The single EuTe layer magneti struture
fator |F
BL
|2, enveloping the whole spetrum, is presented
with the dashed line.
neti eld, all the spins align along the diretion perpen-
diular to the magneti eld. Thus, the torque is equal
to zero and the interlayer orrelations annot be formed.
In ontrast, in the ZFC samples the AFM ordered spins
in dierent magneti layers align randomly along dier-
ent in-plane diretions, hene sin θ and the torques are in
general not equal to zero. Therefore, the rotation meh-
anism an be eetive, leading to the orrelated layer
struture in the ase of ZFC samples.
From Eq. (9) and Fig. 17 it follows that for a given
ombination of m and n values the hange of the p sign
orresponds to a half period shift
1
2∆QSL in the AFM
satellite positions. For Qz's in the the viinity of (
1
2
1
2
1
2 )
reiproal lattie point the same is expeted when the p
is xed, but either m or n is hanged by ±1. This al-
lows one to determine the relative spin ongurations in
suessive layers in the SLs from the obtained sign of the
interlayer oeient. We note that this is possible under
a strong assumption that the strutures are morpholog-
ially perfet, i.e., with the same, well dened m and n
values throughout the entire (EuTe)m|(PbTe)n SL om-
posed of several hundreds of periods. From suh an anal-
14
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FIG. 18: Magneti diration pattern from highly perfet
EuTe/PbTe (5/15)×10 SL (irulated solid line) showing the
strong interlayer orrelation. In this ase the negative sign of
p is in agreement with the theoretial model preditions. The
experimental data for the less perfet SL with 300 repetitions
(dashed line) is shown for omparison.
ysis it turned out that the spetra for the superlatties
with nominally even m and even n reveal the preferene
for the same monolayer spin sequene in suessive EuTe
layers (·· ↑↓ ·· ↑↓ ··). For SLs with odd m and even n
neutron diration spetra indiated reversed ongura-
tion (·· ↑↓↑ ·· ↓↑↓ ··). Both these ongurations are in
agreement with the theoretial model predition. In on-
trast, for the samples with m and n both nominally odd,
the neutron diration spetra seem to indiate that the
(· · · ↑↓↑ · · · ↑↓↑ · · ·) onguration is preferred, ontrary
to the theoretial results.
To shed light on this issue, an eort to detet the inter-
layer exhange oupling in EuTe/PbTe SLs with a smaller
number of SL periods, i.e., in SLs with better ontrolled
m and n values, was undertaken. This task is not trivial
as the intensity of neutron diration spetrum depends
ruially on the number of spins involved. From the ad-
ditional series of EuTe/PbTe SLs with only 10 periods,
one sample indeed showed SL satellite peaks in positions
orresponding to the sign of the oupling predited by
the model. In Fig. 18 we present the omparison of the
spetra of two SLs, both with nominalm = 5 and n = 15,
and with dierent number of SL periods N . Clearly, the
sample with only 10 periods shows the expeted negative
p value as ompared to the opposite sign for the previ-
ously measured sample with 300 periods (dashed line in
Fig. 18). This result seems to suggest that in the long
proess of MBE growth of the SLs with a large number
of repetitions (typial growth time of several hours) the
preferene ours to form terraes with even number of
monolayers. The reasons leading to suh tendeny re-
main unlear, but one oneivable explanation may be
that the number of monolayers whih form a unit ell of
the bulk material is somehow preferred during the long
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FIG. 19: Dependene of the interlayer orrelation parameter
p on the PbTe spaer thikness in EuTe/PbTe superlatties as
determined from the tting of the neutron diration spetra.
proess of layer growth. In the [111℄ diretion this or-
responds to two ation and two anion sheets. Suh a
mehanism would be valid for both, EuTe and PbTe, on-
stituent materials.
The theoretially predited derease of the strength of
the oupling with the nonmagneti spaer thikness is
reeted in the derease of the values of the orrelation
oeient p, as shown in Fig. 19. A quantitative ompar-
ison between the experimental and theoretial results is
not possible in this respet. As far as the range of the in-
teration is onerned, the experimentally observed very
long range of the interlayer interations seems to exeed
the range predited by the model. The weak orrela-
tions still visible in samples with very thik spaers an
be asribed to the possible ontribution from a residual
dipole-dipole interation.
V. CONCLUSIONS
We have performed an extensive study of the mag-
neti properties of AFM EuTe epitaxial layers and of
[(EuTe)m|(PbTe)n℄N SLs grown by moleular beam epi-
taxy along the [111℄ diretion. The strutural proper-
ties of these samples were haraterized by high resolu-
tion x-ray diration. The magnetization and neutron
diration experiments show that the magneti proper-
ties of the type II AFM EuTe layers depend sensitively
on lattie distortions stemming from EuTe/PbTe lattie
onstant mismath. Due to the resulting biaxial strain
and nite EuTe layer thikness, the FM spin-sheets are
all oriented parallel to the (111) growth plane, i.e., they
form a single T -domain.
For a large number of EuTe/PbTe SLs, a systemati
study of the Néel temperature dependene on the number
of EuTe and PbTe monolayers in the SL period was per-
formed. The transition temperature to the AFM phase
depends on the strain state of the magneti layers as well
15
as on their nite thikness. The observed hanges of the
Néel temperature are desribed by the dependene of the
exhange parameters on the lattie distortions and they
follow essentially a mean eld behavior.
From neutron diration measurements in an applied
magneti eld parallel to the (111) growth plane, detailed
information on the S type domain struture and on the
in-plane anisotropy elds was obtained. The latter ones
are onsiderably higher than in bulk EuTe. These elds
play an important role in the formation of interlayer
orrelations. Neutron diration experiments in mod-
erate magneti elds and magnetization measurements
showed that, irrespetive of the number of monolayers in
the EuTe layer, no net magneti moment is present in
the studied SLs. In this sense the EuTe/PbTe system
onstitutes a prototypial example of an antiferromag-
neti/diamagneti superlattie.
The most interesting feature of these SLs is a pro-
nouned interlayer spin orrelation between suessive
EuTe layers revealed by magneti neutron diration.
The harateristi ngerprint of these orrelations are SL
satellite peaks in the viinity of (
1
2
1
2
1
2 ) reiproal lattie
point. The orrelations persist up to PbTe layer thik-
nesses of about 60 Å. Based on kinematial diration
theory, the formula desribing the dirated beam inten-
sity as a funtion of momentum transfer, Qz, has been
derived for a general ase of partially orrelated SLs. A
orrelation parameter p (obtained by least-square-tting
to the neutron diration spetra) was found to follow
a downward trend with inreasing thikness of the non-
magneti spaer layer, thus, reeting the weakening of
the interlayer interations with the distane between the
magneti layers. The signs of p  that govern the spin
sequenes in suessive EuTe layers  were ompared
with the preditions of the theoretial model presented in
Ref. 27. In this model the interlayer orrelations are me-
diated by valene-band eletrons and are inferred from
the minimization of the total eletroni energy of the
EuTe/PbTe system on the spin arrangements in adja-
ent magneti layers. Essentially, the major features of
this theoretial model, namely:
(i) monotoni deay of the interlayer interations with
the distane between magneti layers,
(ii) independene of oupling strength on magneti
layer thikness, and
(iii) opposite diretions of the spins in the bounding
monolayers of the two onseutive EuTe layers fa-
ing eah other aross the PbTe spaer
have been onrmed in our neutron and magnetization
experiments, although in order to be able to hek exper-
imentally the last issue (espeially for m− odd/n− odd
SLs) samples with extreme strutural perfetion were
neessary.
APPENDIX: NEUTRON DIFFRACTION
SPECTRUM FOR AFM SUPERLATTICES
In this Appendix we alulate the proles of diration
spetra for a SL made up of alternating N antiferromag-
neti layers and N nonmagneti layers, eah onsisting
of m and n atomi monolayers, respetively. For simpli-
ity, in the following it is assumed that in both SL on-
stituent materials the spaing between the monolayers
has the same value of d and that there are only two pos-
sible diretions of spin (magnetization) in eah magneti
monolayer (it an be shown, however, that the results
of this Appendix remain valid for systems with several
in-plane easy axes and for layers onsisting of many S-
domains
29
).
We onsider three dierent situations:
(a) perfetly orrelated SLs  interlayer orrelations
lead to one of the two types of magneti order, il-
lustrated in the diagrams in Setion IVD, in the
entire SL;
(b) unorrelated SLs; and
() partially orrelated SLs  strutures, in whih there
is a dominant tendeny to form one type of orre-
lations between the suessive magneti layers, but
due to some disruptive mehanisms a minority of
nearest-neighbor layers pairs is aligned in the op-
posite way.
In the standard kinematial theory approah the
dirated wave, resulting from magneti sattering of un-
polarized neutrons, is obtained by adding up all waves
dirated by individual magneti atoms. This leads to
the following equation:
ψdiff ∝ f(Q)
∑
j
κj exp(i ~Q · ~rj) (A.1)
where
~Q is the sattering vetor, f(Q) is the single-atom
magneti formfator, ~rj is the position of the j
th
atom,
and κj is the magneti sattering amplitude for a single
atom, equal +κ or −κ for the up and down spin ori-
entation, respetively. In the symmetri reetion geom-
etry, most often used in diration studies of multilayers,
the sattering vetor is parallel to the superlattie axis:
~Q = (0, 0, Qz). The summation over individual atoms
an be then replaed by a summation over the mono-
layers. Sine for all atoms loated in the lth monolayer
~Q · ~rj = Qz · z = Qzld, the equation simplies to:
ψdiff ∝ f(Q)
∑
l
Ml exp(iQzld) (A.2)
whereMl, the sum of magneti sattering amplitudes of
all atoms residing in the lth monolayer, is proportional
to the monolayer magnetization. Taking advantage of
the SL periodiity, one an separate this equation into a
summation over all monolayers within a SL elementary
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ell  a bilayer (BL)  and over the N SL repeats. Thus,
for a bilayer, onsisting of m magneti monolayers (and
n nonmagneti ones, for whih all the Ml = 0), one an
dene the magneti struture fator FBL as:
FBL(Qz) ≡ f(Q)
m−1∑
µ=0
Mµ exp(iQzµd) (A.3)
Eq. (A.2) an thus be written in the form:
ψdiff ∝ FBL(Qz)×
N−1∑
ν=0
ξν exp(iQzDν) (A.4)
where D = (m+ n)d is the SL period. The spin ongu-
ration in the νth magneti layer with respet to the rst
layer is desribed in Eq. (A.4) by the ξν oeient, whih
takes the value +1 for the same and −1 for the opposite
magnetization sequenes.
The intensity I(Qz) of the dirated radiation is given
by:
|ψdiff |2 ∝
N−1∑
α=0
N−1∑
β=0
ξαξβ exp[iQz(α− β)]|FBL(Qz)|2
(A.5)
where the struture fator square |FBL(Qz)|2 an be writ-
ten as:
|FBL(Qz)|2 ∝


cos2(mQzd/2)
cos2(Qzd/2)
for m odd
sin2(mQzd/2)
cos2(Qzd/2)
for m even
(A.6)
The struture fator term |FBL(Qz)|2 has broad max-
ima (with weak subsidiaries on both sides) entered at
Qz =
1
2 (2π/d),
3
2 (2π/d), . . ., i.e., half-way in between
the reiproal lattie points orresponding to the basi
atomi struture with periodiity d.
Calulating the spetrum proles I(Qz) for SLs
with perfet interlayer orrelations requires putting in
Eq. (A.5) ξν appropriate for the given type of orrela-
tion. The task redues then to summing geometri pro-
gressions, whih yields: for ξν = 1
I(Qz) ∝ |FBL(Qz)|2 sin
2(NQzD/2)
sin2(QzD/2)
(A.7a)
and for ξν = (−1)ν+1
I(Qz) ∝ |FBL(Qz)|2 ×


cos2(NQzD/2)
cos2(QzD/2)
for N odd
sin2(NQzD/2)
cos2(QzD/2)
for N even
(A.7b)
These funtions onsist of sharp maxima at regular
intervals ∆Qz = 2π/D. The intensity of the narrow lines
is modulated by the struture fator, what produes the
harateristi groups of peaks. It should be noted that a
hange from one to another type of interlayer orrelations
auses the narrow line positions to shift by
1
2∆Qz, whih
makes possible to detet suh a transition.
In order to analyze unorrelated and partially orre-
lated SLs the double sum in Eq. (A.5) should be re-
arranged into sums over dierent kinds of layer pairs:
namely, the sum of all same-layer terms (α = β), the
sum of all terms with |α− β| = 1 (i.e., orresponding to
adjaent magneti layers), all terms with |α−β| = 2 (i.e.,
orresponding to next-nearest layer pairs), an so on:
N−1∑
α=0
N−1∑
β=0
ξαξβ exp[iQz(α− β)] = N +
∑
α6=β
ξαξβ cos[QzD(α − β)]
= N + 2 cos(QzD)
N−2∑
α=0
ξαξα+1 + 2 cos(2QzD)
N−3∑
α=0
ξαξα+2 + . . .+ 2 cos[(N − 1)QzD]ξ0ξN−1 (A.8)
The ξαξβ produt for any pair of layers, labeled α and
β, an be thought of as the orrelation oeient for this
pair. The number of layer pairs that are kD apart is
N − k; hene, the average orrelation oeient for all
suh pairs in the SL struture an be written as:
pk ≡ 〈ξαξα+k〉 = 1
N − k
N−k−1∑
α=0
ξαξα+k (A.9)
Using Eqs. (A.8) and (A.9) one an write the Eq. (A.5)
for dirated intensity in a simple form:
I(Qz) ∝ N |FBL|2
[
1 + 2
N−2∑
k=1
pk(1− k
N
) cos(QzDk)
]
(A.10)
For a perfetly random superlattie the orrelation
oeients for all layer pairs vanish on statistial aver-
aging. Hene, for the unorrelated system:
I(Qz) ∝ N |FBL(Qz)|2 (A.11)
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i.e., the diration spetrum reprodues the shape of the
struture fator square  in agreement with the expeted
result for a random system with no oherene between
the waves sattered by individual layers.
The last situation to disuss is the partially orrelated
superlattie. If it is assumed that the only relevant in-
terations are between the nearest layers, and there are
no long-range interations, whih introdue oupling be-
tween the more distant layer pairs, then it is straightfor-
ward to show that the orrelation oeient for seond-
nearest layers is p2 = p
2
1, for third-nearest layers is
p3 = p
3
1, et. In the following we drop the subsript
and denote p1 by p.
If the value of |p| is signiantly lower than 1, the or-
relation oeients rapidly derease, and only the rst
few terms in the sum in Eq. (A.10) are relevant. If, in
addition, the number of repeats N in the SL is large, one
an use the approximation 1− k/N ∼= 1, and obtain:
I(Qz) ∝ |FBL(Qz)|2
[
1 + 2
∞∑
k=1
pk cos(QzDk)
]
(A.12)
By applying the identity
30
:
1 + 2
∞∑
k=1
pk cos(kx) =
1− p2
1− 2p cos(x) + p2
one obtains the nal formula for the spetrum prole:
I(Qz) ∝ |FBL(Qz)|2 1− p
2
1− 2p cos(QzD) + p2 (A.13)
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